Hemodynamics play an important role in the development and progression of carotid atherosclerosis, and may be important in the assessment of plaque vulnerability. The aim of this study was to develop a system to assess the hemodynamics of carotid atherosclerotic plaques using subject-specific fluid-structure interaction (FSI) models based on magnetic resonance imaging (MRI).
Background
Carotid artery stenosis (CAD) is the narrowing of the carotid artery lumen; it is commonly caused by atherosclerosis and leads to increased risk of transient ischemic attack and stroke [1] [2] [3] [4] [5] [6] . CAD mostly affects men (male to female ratio of 2: 1), and is more common in patients >60 years old, in patients with coronary and/or peripheral atherosclerosis, in patients with diabetes, hypertension and/or dyslipidemia, and in patients who smoke [3, 7] . In the United States, the estimated prevalence of CAD is 2-9% in the general population, 5-9% in people >65 years old, 11-26% in patients with coronary artery disease, and 11-49% in patients with peripheral atherosclerosis [7] . CAD prevalence even reached 58% in the North Manhattan Study [8] .
The finding that atherosclerotic plaques tend to be located near an arterial bifurcation or bend has led to the wide acceptance of the concept that hemodynamic forces such as stress, pressure and velocity play important roles in the development and progression of atherosclerosis [9] [10] [11] . Nevertheless, despite many studies on the subject, a detailed understanding of the local hemodynamic environment is lacking, mainly because of the difficulties in measuring hemodynamic variables in vivo, as well as the wide inter-individual variations in vascular morphology.
In recent years, fluid-structure interaction (FSI) analysis has emerged as a tool that combines blood-flow simulation using computational fluid dynamics modeling with finite element analysis of the corresponding stress and pressure levels in the surrounding tissues [12] [13] [14] [15] [16] . In addition, due to the increased resolution and quality of MRI, it is now possible to distinctly, morphologically and structurally characterize atherosclerotic plaques in vivo to construct a subject-specific model of the carotid artery. However, this approach is in its infancy and further study is necessary before using this tool in the clinical setting. In addition, it is necessary to determine the parameters for abnormal carotid hemodynamics using this approach.
Therefore, the aim of the present study was to develop a platform to assess the abnormal hemodynamics of carotid atherosclerotic plaques using the subject-specific FSI model based on MRI. This MRI-based FSI model may enable the noninvasive assessment of the local hemodynamic parameters of atherosclerotic plaques in vivo, which could be used for the prevention and management of CAD.
Material and Methods

Subjects
High-resolution carotid MRI scans were obtained from 52 patients with carotid artery atherosclerosis and 12 healthy participants without carotid artery atherosclerosis at the Department of Radiology, Beijing Tian Tan Hospital, Capital Medical University between 2010 and 2013. For patients, inclusion criteria were: 1) newly diagnosed with bilateral or unilateral carotid stenosis by ultrasound; 2) blood flow was still present; 3) received no treatment; and 4) with high image quality. Healthy participants underwent MRI for any reason and were without carotid artery atherosclerosis on MRI and with high image quality. Patients and controls were excluded if: 1) they received any drug treatment affecting atherosclerosis; or 2) they had any contraindication to MRI.
The study protocol was approved by the ethics committee of the Beijing Tian Tan Hospital. Individual consent was waived by the committee since images were used from patients who underwent MRI for a medical reason and because no additional testing was performed.
Study design
All MRI scans were retrospectively analyzed. Eighty-six diseased carotid arteries were examined. Fourteen normal carotid bifurcations from 12 controls were used as controls; not all bifurcations were used in controls because of shape asymmetry in some cases, and only one side was then used. Hemodynamics parameters were determined from the scans, and compared between the two groups.
Carotid high-resolution MRI
MRI was performed using a 3.0T MRI scanner (Trio-Tim; Siemens, Erlangen, Germany) at a maximum slew rate of 200 mT/m/ms and a maximum gradient strength of 45 mT/m. A four-element carotid surface coil (custom-made; Siemens Mindit, Shenzhen, China) was used to obtain images at a high signal-to-noise ratio.
The common carotid artery (CCA), the internal carotid artery (ICA) and the external carotid artery (ECA) were scanned in sequence. The protocol included four sequences in the axial plane: 1) time-of-flight (TOF) MRI: repetition time (TR) 21 ms, echo time (TE) 3.84 ms, flip angle 25°; 2) T2-weighted (T2W) MRI using turbo spin echo (TSE), TR 3000 ms, TE 65 ms; 3) proton density-weighted (PDW) MRI using TSE, TR 3000 ms, TE 13 ms; and 4) T1-weighted (T1W) MRI using black-blood (doubleinversion recovery) 2-D TSE, cardiac-gated, TR 750 ms, TE 12 ms. For all sequences, the field-of-view was 14 cm; the matrix size was 320×240; the slice thickness was 2 mm (1 mm for TOF); and there were two signal means (1 for TOF). The in-plane resolution was 0.4×0.4 mm for TOF, PDW and T1W MRI or 0.5×0.5 mm for T2W MRI. Fat suppression was used to reduce signals from subcutaneous fatty tissue in the T2W, PDW, and T1W images. A validated protocol consisting of TOF, T2W, PDW and T1W images of different signal intensities was used to identify the plaque components and the normal vessel walls, as previously described [17, 18] . Plaque morphology was independently assessed by two mid-level observers (Tao XJ and Jing LN) with experience in assessment of carotid artery plaques; disagreements were solved by discussion. The carotid atherosclerotic plaques were classified according to the American Heart Association (AHA) classification and to MRI characteristics [19] . Patients with CAD were divided into the stable plaque group (AHA classification I-III) and the vulnerable plaque group (AHA classification IV-VIII). According to the status of the fibrous cap, the vulnerable plaque group was subdivided into the group without fibrous cap defect and the group with fibrous cap defect. Fibrous cap defects appear as rupture and ulceration, showing a low-signal band discontinuity on TOF MRI.
The blood flow velocity was calculated as the measured mean blood flow velocities at the CCA in the transverse plane perpendicular to the vessel and 2 cm below the apex of the carotid bifurcation, as measured using a cine phase-contrast MRI pulse sequence (MRI-PC). Retrospective peripheral gating (ECG gating) was used.
Carotid model geometry reconstruction with the finite element model
The carotid artery geometry was obtained from the multisequence MRI data. A custom-made software was used to segment the regions of arterial wall and lumen [15] , which have different signal characteristics on multisequence MRI ( Figure 1A ). After segmentation, the boundary points were imported into the ScanIP computer-modeling and analysis software (ScanIP 3.1, Simpleware Ltd., Exeter, United Kingdom). Each slice was then linked by closed spline interpolation to form complete contours. The regions of interest (ROIs) of each slice corresponding to the plaque contour, wall and lumen, as well as peripheral supporting tissues (to minimize the bending effect caused by pre-axial stretching) surrounding the common carotid artery and the internal and external carotid arteries were delineated ( Figure 1B ). Contours were reconstructed to form a threedimensional geometric carotid artery ( Figure 1C ). To demonstrate the morphology of the vessel, the pink part (peripheral supporting tissue) was removed, because otherwise the vessel would be hidden inside the pink part and become undisplayable. The pink part was used to reduce the deformation of the vessel wall during the calculation process.
The geometry was then imported into the ScanFE computer modeling and analysis software (ScanFE 3.1, Simpleware Ltd., Exeter, United Kingdom) for mesh generation, which subsequently could be exported directly to a finite element solver COMSOL 4.3. Meshing was performed using hexahedron elements to deal with models including the vascular lumen (yellow), vessel wall including plaque(red) and surrounding tissues (pink), as previously described [20] [21] [22] .
FSI model and solver
For the fluid model, the blood flow was assumed be an incompressible, homogeneous, Newtonian, viscous fluid with a density of 1050 kg/m 3 and a viscosity of 0.0035 Pa·s. The Navier-Stokes equation was used as the governing equation, which was suitable for solutions using FSI modeling and frequent mesh adjustments:
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where v is the flow velocity, v g is the mesh velocity, p is the pressure, and μ and ρ b stand for blood viscosity and density, respectively. A no-slip condition between the fluid and the vessel wall was used, and the inlet boundary condition was specified as the blood-flow velocity at the CCA as measured by MRI-PC. The outlet boundary condition was specified as
The plaque, artery wall and peripheral supporting tissue were assumed to be hyper-elastic and to be composed of homogeneous materials. The Neo-Hookean model was used to describe the hyper-elastic material properties of the tissues using the following strain energy function (W):
I is the first deviatoric strain invariant, J is the ratio of the deformed elastic volume over the undeformed volume, and K is the bulk modulus. The initial bulk modulus K was set to 20 times that of the initial shear modulus. The initial shear modulus μ was set to 6204106 Pa for the vessel wall and 719676 Pa for the peripheral supporting tissue (using COMSOL 4.3). The carotid bloodstream and vessel walls could be stretched axially in the one-way or fully coupled FSI simulations. In the one-way FSI simulation, the fluid model was solved first, and the obtained pressure was transferred to the solid domain as external loading, followed by calculation of the structural stress. No further iteration between the fluid and the solid domains was performed, and non-linear incremental iterative procedures were used to account for the interaction between these two domains in the fully coupled FSI simulation. All models were performed using one-way FSI; additional simulation in 19 models of the diseased group (randomly selected) was conducted using fully coupled FSI. Both types of FSI simulations were performed using COMSOL 4.3 (COMSOL Inc., USA). The maximum von Mises stress, minimum pressure and flow velocity values at the most stenotic location of the patients or at the carotid bifurcation of the healthy volunteers were calculated and assessed using one-way FSI. For 19 models from the patients, values for both fully coupled and one-way FSI simulations were calculated and compared.
Statistical analysis
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Statistical analysis
The maximum von Mises stress, minimum pressure and flow velocity values are presented as mean ± standard deviation (SD) or median and interquartile range (IQR). The normality of the data was assessed using the one-sample KolmogorovSmirnov test. The statistical analysis was performed using SPSS 19.0 (IBM, Armonk, NY, USA). All tests were two-tailed, and P-values <0.05 were considered to be statistically significant.
Comparison of hemodynamic parameters based on oneway FSI
The maximum von Mises stress and minimum pressure values were compared between the control and carotid plaque groups using the Mann-Whitney U test. The independent samples t-test was used to determine the statistical significance of any differences in the velocity between the control and carotid plaque groups. The independent samples t-test was used for normally distributed data, and the Mann-Whitney U test was used for non-normally distributed data.
Differences between fully coupled FSI and one-way FSI in 19 patients
The maximum von Mises stress and velocity values were compared between the one-way FSI group and the fully coupled FSI group using a paired samples t-test. The Wilcoxon test was used to determine the statistical significance of any differences in the minimum pressure between the one-way FSI and fully coupled FSI groups. The paired samples t-test was used for normally distributed data, and the Wilcoxon test was used for non-normally distributed data.
Differences of the maximum von Mises stress between diseased subgroups
The maximum von Mises stress was compared between the stable plaque group and the vulnerable plaque group using Table 1 . Hemodynamic parameters between the carotid artery stenosis and the control groups.
Data are presented as median and interquartile range (von Mises and minimum pressure) or mean ± standard deviation (velocity).
the Mann-Whitney U test because of non-normally distributed data. The maximum von Mises stress was compared between the groups with and without fibrous cap defects using the independent samples t-test because of normally distributed data.
Results
Characteristics of the participants
Patients with carotid artery atherosclerosis were aged 57.6±12.5 years and included 45 males and 7 females. The healthy participants without carotid artery atherosclerosis were aged 50.6±12.9 years and included 11 males and one female.
Hemodynamic parameters based on one-way FSI
The models of 86 carotid artery plaques (Figure 2A-2D and Figure 3A -3D) and 14 normal carotid bifurcations were assessed. The flow velocity accelerated as blood passed through the region of stenosis, leading to a decline in pressure. Areas with maximum velocity and minimum pressure were located at the throat of the plaques ( Figure 2E, 2F) . The maximum von Mises stress in the plaques was detected at the top of the plaque or at the shoulders of the plaques, but those at the shoulders were more frequent ( Figure 2G, 2H ).
Significant differences were detected in the maximum von Mises stress, minimum pressure and blood velocity between the CAD and control groups (all P<0.05) ( Table 1) .
Difference between one-way FSI and fully coupled FSI
Maximum velocity and minimum pressure were observed at the throat of the plaques using both one-way FSI and fully coupled FSI (Figure 3 ). The maximum von Mises stress in the plaques was located at the top of the plaque or at the shoulders of the plaques using both one-way FSI and fully coupled FSI ( Figure 3E, 3F) The maximum von Mises stress and the minimum pressure were significantly higher and the velocity was significantly lower based on fully coupled FSI compared with one-way FSI
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(all P<0.05). Compared with fully coupled FSI, one-way FSI underestimated the stress and minimum pressure and overestimated the velocity (Table 2) .
Although there were differences in the numerical values of the hemodynamic parameters between fully coupled and one-way FSI simulation, their tendencies and distributions were identical ( Figure 3E -3G) 
Maximum von Mises stress of plaques
Discussion
The aim of the present study was to develop a system to assess the hemodynamics of carotid atherosclerotic plaques using subject-specific FSI models based on MRI. Results showed that the maximum von Mises stress and the minimum pressure and velocity were significantly increased in the stenosis group compared with controls based on one-way FSI. The maximum von Mises stress and the minimum pressure were significantly higher and the velocity was significantly lower based on fully coupled FSI compared with one-way FSI. Although there were differences in numerical values, both methods were equivalent. The maximum von Mises stress of vulnerable plaques was significantly higher than stable plaques. The maximum von Mises stress of the group with fibrous cap defect was significantly higher than that of the group without defect. These results are supported by previous findings [23, 24] . Indeed, high stress levels acting on the endothelium are reported to have a regressive effect on underlying intimal tissue, leading to destabilization of plaque [25, 26] . We found that the maximum von Mises stress of vulnerable plaques was higher than that of the stable plaques, while the maximum von Mises stress of the group with fibrous cap defect was significantly higher than that of the group without defect.
Geometric reconstruction
The accuracy of the FSI simulation depends on an accurate geometrical reconstruction of the plaque and vessel geometry. To approximate the physiological conditions, we used 3D geometric and morphologic data derived from in vivo MRIs of patients and healthy volunteers to reconstruct the plaque and vessel geometries of the carotid bifurcation. This study design is different from that of previous studies on FSI, which derived the geometry from MRI or ex vivo MR imaging [15] . Indeed, any change in the shape of the vessels and plaques as a result of endarterectomy and histologic fixation would significantly affect the biomechanical parameter distributions [27, 28] . There are a number of problems associated with deriving plaque and blood vessel geometry from histological data. First, endarterectomy specimens do not include the entire thickness of the artery, and the process of harvesting the plaque frequently involves entry into the lumen, thereby altering its morphology. Second, histological processing, including decalcification and fixation, could significantly alter the plaque morphology and cause shrinkage of the specimen. Finally, a fixed specimen lacks pressure within the lumen, which would maintain its shape [29] . Therefore, the major advantages of determining the vessel geometry of plaque from in vivo MRI is that the luminal morphology can be most effectively determined under physiological conditions in which the blood pressure maintains the lumen shape.
FSI simulation
In our FSI model, the artery wall, plaque and peripheral supporting tissue were assumed to be composed of hyper-elastic material that could stretch and expand to approximate the physiological conditions. The Neo-Hookean model was used to 3288 specify the hyper-elastic material properties. This model has been considered to be valid for the moderate deformations that occur in atherosclerotic plaques and was validated to produce geometry similar to that of a previously described model [13, 30] . Additionally, the modified Mooney-Rivlin [12, 14, 15] and Ogden hyper-elastic models [31, 32] have been used. Because various hyper-elastic models and material specifications might substantially affect the hemodynamic parameters, any comparison of the parameters based on different models should be interpreted with caution. In the present study, the stress level was calculated using von Mises stress, whereas other investigators have used first-principal stresses [13, 16, 23] . The von Mises criterion is a formula that combines three stresses into one equivalent stress, which is compared to the yield stress of the material, and it calculates whether the combined stress at a given point would lead to collapse. The rupture of a vulnerable plaque occurs as a result of failure of structure when the local internal stress is greater than the strength limit of the fibrous cap. Thus, von Mises stress should be better suited for stress analyses compared with other stress estimates.
A study has shown that there was not much difference between using Stress-P1 and von Mises to describe the stress level at vulnerable sites [33] .
Hemodynamic parameters
Results showed that the flow velocity increased when passing through a region of stenosis, and the maximum velocity was located at the throat of the plaque, which is in agreement with previous studies [24, 34] . According to the Bernoulli principle, increased blood velocity across the lumen reduces the lateral blood pressure acting on the plaque. We observed minimum pressure at the throat of the plaques, which was consistent with previous findings [15, 35] , and the minimum pressure near the plaque was higher in the plaque group. Li et al. [35] have suggested that although the local high stress at the stenosis region might damage the endothelium and cause plaque rupture, the magnitude of stress was small compared with the overall load on the plaque. The effect of pressure should be considered in an analysis of plaque stability and of the mechanical causes of plaque rupture.
Comparison of the fully coupled FSI and one-way FSI simulations
To compare differences in hemodynamic parameters between the fully coupled and one-way FSI models, an additional fully coupled FSI simulation was carried out in 19 randomly selected plaque models. The results showed that the maximum von Mises stress and minimum pressure were higher and the velocity was lower based on the fully coupled FSI compared with one-way FSI. Indeed, one-way FSI does not feed information on arterial wall deformation back into the blood flow calculations, resulting in a loss of accuracy when determining hemodynamic parameters such as stress and pressure. Therefore, a fully coupled FSI simulation should provide more precise data than a one-way FSI simulation regarding predicted blood flow, stress and pressure distributions in the plaque region. To put it another way, the one-way FSI model underestimate stress and pressure and overestimate velocity compared with the fully coupled FSI model. The numerical accuracy and reliability of the fully coupled FSI analyses have been previously demonstrated and validated [36] . Although there were differences in the numerical values of these hemodynamic parameters in the two simulation types, their tendencies and distributions were identical. Fully coupled FSI is more accurate, but it requires much greater computational resources. The time taken for a fully coupled FSI simulation for each single carotid model was 5 days on mean (range 3-7 days), whereas the simulation time for one-way FSI of the identical model was only 5-10 minutes using the same computer. Therefore, one-way FSI resulted in a reasonably accurate estimation with significantly less computational effort compared with the fully coupled FSI approach; it should be a good compromise that provides more realistic loading conditions for hemodynamic analysis.
The present study also had some limitations. First, there was no histology of the plaques in the study because the carotid endarterectomy procedure is not a routine procedure in our hospital and because the MRI was performed in vivo. However, previous studies have shown that there is a high level of agreement between MRI and histology of the plaques [17] [18] [19] . Second, cases with fully coupled FSI were limited because it requires much greater computational resources and too much time. Indeed, the time taken for a fully coupled FSI simulation for each single carotid model was 5 days on mean (range 3-7 days), whereas the simulation time for one-way FSI of the identical model was only 5-10 minutes using the same computer. Further study is necessary to fully compare the two approaches.
Conclusions
To the best of our knowledge, this study is the first to demonstrate the effectiveness of a platform for evaluating plaque hemodynamic based on FSI using in vivo high-resolution MRI on a relatively large patient sample. In conclusion, the hemodynamics of atherosclerotic plaques can be assessed noninvasively using subject-specific models of FSI based on MRI. Especially, one-way FSI is more suitable for clinical application. These data can be used to stratify patients at risk of carotid atheroma and provide a noninvasive method for patient monitoring.
